The design of a femtosecond stimulated Raman spectroscopy (FSRS) setup capable of recording high contrast Raman spectra is presented. The Raman transition is stimulated by a supercontinuum pulse and pumped by the second-harmonic of a Ti:sapphire amplifier system fundamental wavelength. This scheme alleviates rapid amplitude modulation near 800 nm using the smooth amplitude region in the continuum near the 400 nm pump. Raman spectra of acetone and methanol are presented in which the Raman peak intensity is the most pronounced feature of the spectrum. A mechanism limiting the resolution and peak intensity based on the nonlinear index of refraction effects is suggested.
INTRODUCTION
We have developed a variant of femtosecond stimulated Raman spectroscopy (FSRS) that has high contrast for vibrational spectroscopy. Vibrational spectroscopy offers the advantages of discrimination and nondestructive identification of molecular samples [1] [2] [3] [4] . The latter feature is especially useful when dealing with explosives and other hazardous materials [5] . The high discrimination comes from the characteristic vibrational "fingerprint" of a molecule. Vibrational spectroscopy, however, presents the challenge of measuring absorption in a frequency range spanning from 50 cm −1 to 3000 cm −1 . One solution to this problem is to take advantage of the Raman process [6, 7] shown in Fig. 1 . This approach has been shown to give satisfactory results in many systems including minerals [8, 9] , organics [8] , benzene [10] , and hydrocarbons [11] . The detection of high explosives [5, 11] is a current challenge for optical detection. Single-pulse, remote Raman detection is typically based on spontaneous Raman scattering along with the fundamental wavelength. Optically, this is a very simple method, but as the emitted spontaneous Raman is very weak, the signal-to-noise ratios limit applicability. Promising enhancement of the signal has been reported by using shaped femtosecond pulses [12] [13] [14] [15] [16] incident upon a methanol sample. The measurement in that experiment focuses, however, on enhancing a single transition in a system that is known, not on obtaining the fingerprint spectrum of multiple unknown species.
A promising method for stand-off detection is stimulated Raman scattering. In this experiment, a photon p is converted to lower energy in the case of Stokes scattering or higher energy in the case of anti-Stokes scattering. This occurs through a stimulated process by having both the p and the seed Stokes S or the anti-Stokes fields A coherently interact with the sample, as shown in Fig 1. To describe the processes under consideration, we first consider differential equations governing Raman gain. The photon occupational numbers for the Raman scattering process along the coordinate z can be described as follows [17] :
where m s and m p are the mean number of photons per mode in the laser radiation in the Raman field and pump field, respectively, and D is a proportionality constant that depends on the medium properties. The two limits of interest are described by m s Ӷ 1 corresponding to spontaneous Raman and m s ӷ 1 corresponding to stimulated Raman scattering. In these limits, Eq. (1) yields an approximate solution for spontaneous Raman as follows:
where the spontaneous Raman signal depends linearly on the number of photons in the pump field m p and the optical path in the medium z. In the case of stimulated Raman, where m s ӷ 1, the expression becomes
͑3͒
The exponential dependence on pump and gain medium length for the stimulated process clearly indicates enhanced Raman scattering when condition m s ӷ 1 is met. FSRS [18] [19] [20] has been developed to implement Raman spectroscopy in a general way. The method relies on a narrow bandwidth picosecond pump and a broadband femtosecond probe pulse to stimulate the Raman process.
Variations of the method include the collinear [20] and noncollinear geometry [21, 22] of the pump and supercontinuum (SC) probe beam as well as use of the fundamental Ti:sapphire femtosecond laser system [23] , the pump pulse with the modified central wavelength through frequency doubling [24] , or a nonlinear parametric process [25] . The noncollinear alignment relaxes the necessity for spectral filtering of the pump beam radiation, which would otherwise saturate the detector in the spectrometer. In the case of a Ti:sapphire amplifier where intense 800 nm pulses are available, Stokes transitions pumped by a 400 nm UV pulse (doubled, 800 nm) may be stimulated by the SC in a spectral region that has a relatively flat phase and amplitude. This allows a stimulated Raman signal to be more easily discriminated. An example of an elaborate setup with a narrow bandwidth, secondharmonic (SH) pump and noncollinear geometry is presented in the work of Laimgruber et al. [25] .
In this paper we present a simple optical method for FSRS measurements for two liquids, acetone and methanol. We demonstrate that the temporal overlap of the SH pump and the broadband continuum induces orders-ofmagnitude signal enhancement in comparison with other stimulated Raman experiments presented in the literature to date. The signal generated in this manner is the most pronounced feature of the spectra, so there is no need for further signal processing to extract the Raman peaks.
EXPERIMENTAL SETUP
The setup used for this experiment, presented in Fig. 2 , is based on the construction of a noncollinear optical parametric amplifier (NOPA) [26] , where a liquid sample replaces a nonlinear crystal. The source of the femtosecond pulses is a regenerative amplifier seeded by a 20 fs oscillator. The system delivers 70 fs pulses with an energy of 2.4 mJ centered at 790 nm. The amplified laser beam was first split by a fused silica plate, as shown in Fig. 2 . The transmitted beam, containing most of the energy, is used for SH generation, and the reflected part is used to create the SC. The 800 nm beam is recollimated by a set of two lenses, f = 200 mm and f = −100 mm. The diverging lens is mounted on a translation stage. The telescope is set to reduce the beam diameter by a factor of 2 to increase the efficiency of frequency doubling in the beta barium borate (BBO) crystal and at the same to allow control of the intensity of our SH pump in the sample by adjustment of the lens position. The BBO crystal used for doubling is 6 mm long, and the phase-matching conditions for this long crystal results in pulses with bandwidth of 60 cm −1 . This leads to significantly increased spectral resolution of this experiment in comparison with the alternative of using a broadband fundamental pulse ͑ϳ1500 cm −1 ͒. After frequency doubling, the remaining fundamental pulse is filtered from the beam by use of two mirrors designed to reflect 400 nm. The first of those mirrors is mounted on a translation stage whose motion is equivalent to changing the relative delay between the SH and SC pulses. A beamsteering mirror directs the SH onto the sample at a small angle to the plane parallel to the table. The SH pulses are 300 J at the sample. Since the SH is created in a Type I phase-matching process, the 400 nm polarization is perpendicular to the fundamental beam. Therefore, the polarization of the weak beam used for SC is rotated by a half-wave plate to match the SH polarization for efficient stimulation of Stokes transition. An iris is used to control the intensity of the beam, which is focused into the water cell by a lens with the focal length equal to 100 mm. The resulting SC is refocused into the sample by a f = 50 mm lens with energy typically less than 10 J. After optimizing the spatial and temporal alignment of SH and SC, a small portion of the SC is reflected by a wedged fusedsilica plate, collimated, attenuated by neutral density filers, and measured by a spectrometer. The use of this type of nonlinear geometry allows direct measurement of the stimulated Raman by SC without the need to eliminate the intense SH beam in the spectrometer (for example, by use of spectral filtering).
RESULTS
Measurements were performed on two liquids, methanol having two strong Raman-active vibrations at 2836 cm −1 and 2945 cm −1 , and acetone with a Raman-active vibration at 2921 cm −1 . The spectra for the 10 mm optical path with sample contained in a cuvette are presented for acetone and methanol in Figs. 3 and 4 , respectively. The lighter curve shows the case of the SC overlapped in time with the SH pump and the darker curve corresponds to a reference where the pulses are temporally separated by a few ps. In both the methanol and acetone experiments, the Raman peak is the most pronounced feature of spectra. There is no need for further data enhancement such as dividing the signal by the reference, as the Raman feature is strong enough to be visually seen on a paper screen.
The acetone Raman peak is centered at 22,033 cm The intensity of the pump and probe pulses is important for determining the mechanism contributing to the measured line shape. The contribution of the SC to broadening is minimal and can be neglected for the two following reasons. The SC intensity is at least one order of magnitude lower, and most of the energy is in the IR part of the spectrum. In addition, the SC pulse is chirped, so the intense IR spectral part is separated in time from the farless-intense optical wavelengths, which are used to stimulate the Raman transitions. Therefore, the most intense IR part of the probe is not temporally overlapped with the SH pump and does not contribute to line broadening. The diameter of the optimized pump-beam size interacting with the sample was d FWHM = 0.9 mm. Assuming a temporal duration of 200 fs (from the 1.2 nm FWHM of the SH pump beam and assuming transform limited pulse), we estimate an intensity of approximately ‫ء3.2‬ 10 11 W/cm 2 at the sample. Typically, the best signal is achieved just below the self-phase modulation threshold of the SH beam (which leads to spectral broadening). The Raman Fig. 3 . (Color online) Raman spectra measured for liquid acetone using a 10 mm long sample path length. The darker curve line corresponds to the spectrum recorded for SH pump and SC probe pulses temporally separated by 2 ps, and the lighter curve shows the spectrum when both pulses coincide in the acetone samples. The optimal pump beam intensity at the sample was approximately 2*10 11 W/cm 2 . Fig. 4 . (Color online) Raman spectra measured for liquid methanol using a 10 mm long sample path length. The darker curve corresponds to the spectrum recorded for SH pump and SC pulses temporally separated by 2 ps, and the lighter curve shows the spectrum when both pulses coincide in the methanol sample. The optimal pump beam intensity at the sample was approximately 2.3*10 11 W/cm 2 .
transition can be stimulated by SH alone, when selfphase modulation has sufficiently broadened the SH spectrum. In this case, the stimulated Raman signal is produced along the SH beam path rather than the SC beam path. Above the self-phase modulation threshold the SH beam induces solvent boiling. The methanol Raman peak is measured experimentally at 21,996 cm −1 with a FWHM of 355 cm −1 . The peak is located in between the theoretical position of the two anticipated lines at 21,927 cm −1 and 22,036 cm −1 corresponding to the asymmetric ͑2945 cm −1 ͒ and symmetric ͑2836 cm −1 ͒ vibrational modes, respectively. These modes could not be resolved because the bandwidth of the SH is in the order of the separation of those lines.
The measurements were repeated with an optical path decreased to 1 mm and with the pump beam size at the sample adjusted for the optimal signal. The optimal beam diameter of the SH pump differs slightly for both investigated liquids. In the case of acetone, the FWHM of the transverse laser beam profile was approximately 0.65 mm, and in the methanol study the FWHM beam diameter was 0.62 mm. These correspond to intensities at the sample of approximately ‫ء5.4‬ 10 11 W/cm 2 and ‫ء9.4‬ 10 11 W/cm 2 for acetone and methanol, respectively. The different intensities can be explained by a higher nonlinear index of refraction n 2 for acetone than for methanol. The n 2 is responsible for the self-phase modulation and the self-focusing of the pump beam. The magnitude of the n 2 sets the intensity limit when undesired nonlinear effects distort the pump spatially and spectrally, leading to self-focusing, beam collapse and solvent boiling. The difference in the pump beam diameter is not measurable in case of 10 mm samples of those two fluids, since the intensities were 2-2.5 times lower and the effect of the intensity-dependent index of refraction was less pronounced. The Raman signal is still clearly visible, as shown in Figs. 5 and 6. The relative peak amplitude has changed significantly in comparison to the 10 mm case. The peak intensity is much lower and has increased width and nonuniform structure.
The lower Raman peak intensity for the case of the 1 mm path-length experiment can be explained by the optimal pump intensity combined with the optical path length when compared with those parameters for the 10 mm case. The gain factor in Eq. (3), ͑exp͓Dm p / c / nz͔͒, predicts an exponential rise of the signal with increased laser intensity ͑ϳm p ͒ and necessary propagation length z. The 10-times-shorter optical path in the medium can not be counterbalanced by higher intensity (to maintain the same gain) because of the undesirable effects arising from the intensity-dependent index of refraction. Those effects limit the maximum intensity for the 1 mm case to below the one required to balance the shorter optical path. With higher pump-beam intensity, self-phase modulation will generate additional bandwidth and induce a stimulated Raman signal along the pump-beam path rather than along the SC path. When the pump-beam intensity is increased even further, solvent boiling and beam breakup will occur due to the self-focusing.
Another important feature of the observed peaks in the 1 mm path-length experiment is their increased spectral width. For methanol the width has changed from 355 cm −1 for 10 mm sample to 620 cm −1 for 1 mm sample, and for acetone the corresponding widths increased from 180 cm −1 to 470 cm −1 . This broadening is very likely due to cross-phase modulation induced by the strong pump. In cross-phase modulation the temporal intensity profile modifies the index of refraction of the medium. This modulates the phase experienced by the weak, stimulated Raman pulse during temporal overlap with the pump beam and, as in the case of self-phase modulation, leads to spectral broadening of the weak beam. The process can be described by considering the intensity driving the change of the nonlinear index of refraction in time:
which modifies the temporal phase of the pulse:
and that leads to the change in instantaneous frequency defined as Assuming the Gaussian temporal envelope of the pulse, the maximum frequency shift ⌬ is described by the proportionality
where I 0 , p, n 2 , and z represent the intensity, pulse duration, nonlinear index of refraction, and optical path in the medium, respectively. The above analysis does not include dispersion, so we do not expect accurate results for the longer-length samples where the temporal envelope will evolve in time. For the 1 mm sample, where the pulse duration does not change significantly, the maximum broadening calculated using n 2 ‫ء42=‬ 10 −16 cm 2 /W [27] and the upper estimate for intensity for the acetone is 1285 cm −1 , whereas the experimentally measured FWHM of the peak was 470 cm −1 . In the case of methanol there are two lines separated by 109 cm −1 , and since it is below the resolution of our experiment, we observe the peak with the width of 620 cm −1 . The calculated frequency broadening using n 2 =7 * 10 −16 cm 2 /W [27] is 408 cm −1 , so considering the two lines gives a theoretical width of 517 cm −1 , which is in good agreement with the measured value. For the 10 mm samples, on the other hand, the calculated broadening is unrealistically large, but the model does not include dispersion and assumes that the pulse will propagate through the sample without any change in the envelope. In a 10 mm sample the pulse will change because of dispersion, so more elaborate numerical simulation will be necessary to include all the relevant effects. We propose that in case of longer length samples, where the intensity of the pump pulse is significantly lower, dispersion acts before nonlinear effects, extends the pumppulse duration, and therefore reduces the cross-phase modulation of the Raman signal.
One interesting point raised by these measurements concerns whether or not remote detection based on a stimulated Raman can be realized in the gas phase. This question is of particular interest in the field of remote sensing and detection. Given the density of the 1 mm length of the liquid sample we calculate a corresponding optical path of approximately 140 cm in the gas phase for acetone and 470 cm for methanol at standard temperature and pressure. For lidar-like remote detection [28] , a collinear configuration seems to be much more feasible and attractive with the filamentation in the atmosphere as a SC source. In such configuration the interaction length would be rather limited by the walk-off of the pump pulse from the Stokes pulse due to the air dispersion. In the case of air dispersion, the group velocity mismatch for SH and Stokes pulse is ϳ26 fs/ m. Thus for 200 fs pulses, the distance from where the pulses just precede to overlap (through exact overlap) to being out of overlap would be on the order of 15 m. Since the SC is known to have linear chirp in the visible part of the spectrum, the difference in group velocity dispersion for specific spectral components of the SC corresponding to Raman transition and the pump beam might be used to our advantage. By properly choosing the relative delay between the SC and SH beams, their overlap is achieved at the predefined spatial coordinates, which we anticipate would make a very useful contribution to remote detection of molecular species.
CONCLUSIONS
We have presented a method that induces an exceptionally strong Raman signal from liquid samples of acetone and methanol by use of a noncollinear UV pump and a SC stimulating beam alignment. In our optical design the Raman transition is stimulated using a nearly flat spectral phase and amplitude seed pulse in the visible region of a SC, with the pump operating at the SH ͑400 nm͒ of the fundamental wavelength of a Ti:sapphire amplifier system. The choice of the pump beam in the visible, rather than the near infrared, offers the advantage of observing the Stokes transition without interference from self-phase modulation features in the SC. The noncollinear geometry employed gives much higher dynamical range for the Raman signal, since the strong pump beam is spatially separated and does not enter the spectrometer. This allows detection of the relatively weak SC, exclusively. Finally, we presented calculations of the self-phase modulation effects lowering the resolution of the spectra and at the same time limiting the maximum yield of the stimulated Raman process.
